Human can realize flexible and skillful movements by controlling his/her musculoskeletal system and the interactive force with environments appropriately. However it still exist many uncertain biological motor characteristics in human movements even for a simple task. This paper aims to analyze and evaluate acceleration characteristics of the human hand during quick arm motion. First, the dynamic manipulability of end-point via muscle forces, called Human Muscular Mobility Ellipsoid (HMME), is newly defined. Next, the direction-dependent acceleration characteristic of the human hand motion is examined and analyzed its geometrical properties with an approximation ellipses of measured data. It is also discussed the problem that the conventional measures relative to the performance of end-point acceleration cannot represent the geometrical properties of human generated hand acceleration in good agreement with the measured data. Finally, the merits of HMME compared with the conventional measures is then demonstrated with a set of experimental results and computed results: HMME can be utilized in representing the geometric properties of human hand acceleration.
Introduction
Humans perform a variety of skillful movements by adjusting the dynamic characteristics of the musculoskeletal system according to target tasks and environmental conditions. As an example, in quick upper-extremity positioning movement, a human can carry out fast, and accurate arm motion by controlling the joint-torque and arm configuration instantaneously. If such a motion can be described from the viewpoint of engineering based on the distinctive kinematics and dynamics of the human musculoskeletal structure, this may facilitate analysis and quantitative evaluation of human movement characteristics.
Several software systems have been proposed in research to analyze the dynamics of the human musculoskeletal system. Delp et al. (1995) developed a software package called SIMM that enables users to develop, alter and analyze dynamically three-dimensional musculoskeletal structures. Rasmussen et al. (2003) proposed a software system called AnyBody, and Hase et al. (2004) reported a similar software program. Such software can evaluate the muscular load or force on joints and analyze equivalent impedance characteristics of human-machine systems. However, any software cannot provide an effective method for quantitatively analysis and/or evaluation of fast movements in the human upper extremities, focusing on hand acceleration, during tasks.
On the other hand, by combining robotic manipulability (Yoshikawa, 1985) with human joint-torque characteristics, Tsuji et al. (2004, 2005) developed human force manipulability Their method can be used to evaluate and © 2014 The Japan Society of Mechanical Engineers [DOI: 10.1299/jbse. visualize the spatial characteristics of the force capability of human limbs for the measured/specified limb's posture. They have also developed a method to quantitatively evaluate human multi-joint movement, and in particular, upper multi-joint movement during isometric exercise. However, this method does not consider the nonlinear characteristics of human muscle that should be taken into account in investigating human multi-joint movement. It is therefore difficult to analyze movement characteristics in fast motion of the human upper extremities.
In such fast movement, Gordon et al. (1994) reported that the maximum acceleration produced by human subjects in a reaching task was direction dependent. This movement characteristic was then modeled using the mobility ellipse (ME) (Hogan, 1985) for the inertial anisotropy of the limb. However, the simulated and actual acceleration values obtained were different, and it remains difficult to evaluate the movement characteristics in fast motion of the human upper arm. It is thought that the mobility ellipse used for evaluation was not able to consider human joint-torque and the physiological characteristics of muscle. It is therefore necessary to consider not only human arm kinematics but also the dynamics of the musculoskeletal system such as joint-torque and muscle characteristics so as to analyze and evaluate the quick manipulation ability of the human body.
In the present paper, a new performance index inspired by the dynamics of the human musculoskeletal system, so called "human muscular mobility ellipse (HMME)," is developed to quantitatively evaluate end-point acceleration performance by multi-joint movement, and in particular, fast motion of the arm. The HMME represents the geometric properties of end-point acceleration performance producing by a human limb with near actual magnitude measured, which cannot be attained by the previous proposed measures without considerations of muscular factors. Thus it is possible to apply HMME to the layout-problem of driving interfaces such as a steering wheel and a shifting knob to assist a quick manipulation in driving, and to biomechanical analysis of quick motions in sports, such as boxing, tennis, and so on.
This paper is organized as follows: HMME is formulated with integrating a hill-type muscle model into a motion equation of the limb with multi-degree-of-freedom in Section 2. After the supplementary examination on the directiondependent acceleration characteristic of human hand motion (Gordon et al., 1994) , the effectiveness of the proposed method is then demonstrated by comparing experimental results and computed results with ME and dynamic manipulability ellipse (DME) (Yoshikawa, 1985) in Section 3. Finally, it is indicated that the proposed methods are appropriate as a quantitative index to evaluate the end-point fast motion of the multi-joint limbs in Section 4.
Human Muscular Mobility
Generally, the human musculoskeletal system can be represented by a spatial link mechanism, which is shown on end-point level, joint level and muscle level. The relationship betweenẋ andθ under a set of multi-joint link systems composed of rigid links with rotational joints can be given bẏ
where J(θ) ∈ ℜ m×n is the Jacobian matrix on the end-point position x ∈ ℜ m with respect to θ ∈ ℜ n . On the other hand, the joint space motion equation of an n DOFs manipulator whose end-effector is operating in an n-dimensional task space can be expressed as
where M(θ) ∈ ℜ n×n is the non-singular inertia matrix; h(θ,θ) ∈ ℜ n is a non-linear term including the joint-torque due to the Coriolis and centrifugal force; g(θ) ∈ ℜ n is the joint-torque due to gravity; and τ ∈ ℜ n is the joint-torque vector. Eq.
(1) is differentiated from time:
It can be construed that a x (θ,θ) represents acceleration caused by the non-linear relationship between the coordinate systems of θ and x. Also, a x can be given as follows:
Thus, the following equation can be derived with Eqs. (2) and (3) as: here,τ
where () + represents the pseudo-inverse matrix.
In the case where a human maintains arm posture (i.e.θ ≈ 0), the terms h(θ,θ) in Eq. (7) and a x in Eq.(8) can be omitted. These equations can thus be represented as follows:
x =ẍ.
As the effect of gravity on fast motion of human arm is small, Eq. (6) is represented as follows:
On the other hand, the relationship between the joint-torque τ ∈ ℜ n and the muscle force f ∈ ℜ k by a set of k muscles (k ≥ 2n) can be expressed as
where G(θ) ∈ ℜ k×n is the Jacobian matrix of muscle length L ∈ ℜ k and θ ∈ ℜ n (Tsuji et al., 1995) . On the other hand, since the muscle force f is proportional to the muscle contraction level
, it can be expressed as follows:
where
k×k is a diagonal element matrix that indicates the value of the muscle force reflecting the force-velocity relationship of the muscle (a Hill-type model). Then, the muscle force is obtained from the following equations:
with 
where P i is a physiological cross-sectional area (PCSA) of i-th muscle (See Fig. 1 (a)); s i is the absolute muscle strength; f V is the force-velocity relationship (See Fig. 1 
(b)), and v max i
is the maximum contract velocity; A f and B f are constants deciding the curve form (Thelen, 2003) . Then, from Eqs. (11), (12) and (13), a set of hand accelerationẍ ∈ ℜ m generated by the muscles within ||ρ|| ≤ 1 makes an m-dimensional ellipsoid represented bÿ
with
It is possible to evaluate the end-point operational ability with human muscle characteristics in fast motion by using the Human Muscular Mobility Ellipsoid (HMME) proposed in Eq. (18). Using the evaluation index considering the dynamics of a musculoskeletal system as described above enables the quantitative analysis and evaluation of dynamic movement such as fast motion that involves the positive adjustment of muscle and joint-torque.
Measurement Experiment of Hand Acceleration Characteristics

Method
Five healthy subjects (male university students aged 21 -23 years old) took part in the experiment for this research study, who had no physical disorders of the upper extremity. Fig. 2 shows the experimental apparatus used for measuring human hand movement. In this paper, the VICON motion capture system (Oxford Metrics Group plc, sampling rate: 120 Hz) with six infrared cameras was utilized to observe arm posture by detecting reflective markers attached to the subject, and the acceleration characteristics in fast motion of the human upper arm were analyzed from the arm posture.
In the experiments, subjects were seated, and oriented the left palmar center to the measurement points (the • marks in Fig. 3(a) ). They were then instructed to generate end-point acceleration toward the designated direction as fast as possible while maintaining the posture of the left upper arm. As shown in Fig. 3(b) , eight hand operational directions were established at intervals of 45 deg. in the horizontal plane, and subjects were also requested to maintain the posture of the whole upper torso except the arm. The seat angle was fixed at about 70 deg., and measured l = 300 mm, w = 150 mm, d x = d y = 50 mm as shown in Fig. 3 . Hand movement was executed on the horizontal plane with the hand at shoulder level. The number of trials was 24 for each measurement point for all directions (total 120). Fig. 4(a) shows an example of the tangential acceleration and hand path of a single trial for 45 deg. Here, t 1 and t 2 in the figure represent the time of hand movement onset and the peak acceleration respectively. First, the translational acceleration in the x and y directions was calculated using a low-pass differential filter from the measured hand path, and the amplitude (i.e. the absolute value) of the acceleration vector was computed for each time. Next, as shown in Fig. 4(b) , the direction θ of peak acceleration was defined as the orientation of the tangential vector at the time of t 2 . Fig. 5(a) shows an example of the measured arm posture and the translational acceleration for all directions at measurement point 3. In each wave, the first peak corresponds to the maximum acceleration, while the second peak corresponds to the maximum deceleration. Fig. 5(b) shows the approximate curve generated by the translational acceleration for all directions in Fig. 5(a) , with whiter shading representing higher acceleration values. Additionally, the distance from the initial point represents the duration of hand acceleration. In this paper, only the first peak of acceleration is considered because our aim is to analyze the acceleration generated by the hand. The first peak value is especially high in the 0 and 180 deg. directions. A high degree of operability can therefore be easily exerted in these directions, and the tendency is also mostly point symmetrical. In regard to this tendency, a study by Gordon et al. (1994) points out that the hands peak acceleration differs according to the direction of hand motion.
Procedure for Signal Processing
In this paper, the approximate ellipse is derived using a scatter plot of the computed maximum hand acceleration value in order to quantitatively analyze and evaluate the measurement results. The generic ellipsoidal model equation can then be represented as follows: where x and y are arbitrary points in the rectangular coordinate system. Additionally, θ k is the direction of measured hand acceleration, andẍ θ k is the peak acceleration value for each measurement point. Then, the ellipsoidal equation in the polar coordinate system can be represented as follows:
where a, b, c, d and e are the ellipse parameters. Also, when N trials are carried out for each direction, the following equation can be derived with Eq. (21) as:
where C ∈ ℜ 8N×5 is the coefficient matrix. These ellipse parameters (i.e. a, b, c, d and e) are computed using the pseudo-inverse matrix C + from Eq. (22).
Additionally, Eq. (20) can be transformed as follows:
where λ i denotes the axial length of the approximate ellipse (λ max ≥ λ min ), θ is the counterclockwise angle from the x-axis of the polar coordinate system to the major axis of the ellipse, and (x 0 , y 0 ) represents the central coordinates of the ellipse. These can be computed by a, b, c, d and e. As shown in Fig. 5(b) , the hand acceleration characteristics display an asymmetric tendency. The center coordinates (x 0 , y 0 ) of the approximate ellipse were therefore matched to the end-point of the initial posture for each measurement point in this paper. The approximate ellipse can also be characterized by three parameters as follows: • Ellipse's size: S = πλ max λ min (the ellipse area).
• Ellipse's orientation: δ = θ − ϕ (the counterclockwise angle from the radial axis of the polar coordinate system to the major axis of the ellipse: see Fig. 6 ).
• Ellipse's shape: β = λ max λ min (the ratio between the lengths of the major and minor axes). Fig. 7 illustrates approximate ellipses (AEs) corresponding to the scatter plot of the maximum hand acceleration values as well as the mobility ellipses (MEs) (Hogan, 1985) and the dynamic manipulability ellipses (DMEs) (Yoshikawa, Correlation coefficient : 0.938 0.024 (Hogan, 1985) 0.75 m/s 2 ME (Yoshiwaka, 1985) 6.0 m/s 2 DME 25 m/s 2 Measured Fig. 7 Approximate ellipses (AEs) and simulated ellipses (MEs and DMEs) for the five specified initial points by Sub. A. The dots represents the measured data of hand maximum acceleration.
Result
1985) calculated for each measurement point , where the radius of small circles illustrated at the right side indicates the magnitude of each ellipse. Table 1 shows the summary results for the correlation coefficient of each measurement point for all subjects. The AEs seem to be approximated with a high level of precision using Eq. (20), and it can be considered reasonable and proper to approximate with the ellipse. While MEs and DMEs were simulated from the limb's posture and the physical properties, which are commonly utilized as a quantitative measure for the mobility performance of robot's end-effecter. The major axis direction of the AEs almost all indicate an x-axis direction, and the ellipse parameter δ is about 50 ∼ 70 deg. (see Table 2 ). There is little variability among all subjects in terms of the orientation δ and the shape β, while the size S shows a large difference.
Comparing MEs and DMEs with AEs indicates that the orientation was restaged with satisfactory accuracy equivalent to that of previous methods for all subjects, excluding Sub. B in which large differences of the direction among those ellipses were observed in the data analysis. However, a several-fold difference was seen in the size between AEs and simulated ellipses (MEs and DMEs). This can be attributed to disparities in muscle force related to the physical features of each subject. 
The mobility ellipses
The dynamic manipulability ellipses (Hogan, 1985 ) (Yoshikawa, 1985) 
Simulation analysis by HMME
A human left-upper limb is modeled using a set of multi-joint link systems composed of rigid links with rotational joints as shown in Fig. 8 . The physical link parameters are listed in Table 3 , and are based on anatomic measurements of the link lengths for each subject and estimated values of the corresponding masses and moments of inertia (Ae, 1992) .
A musculoskeletal model of the upper extremities was scaled to the subject as shown in Fig. 8 . The model consists of 10 muscles and 3 rigid bodies including the upper arm, fore arm and hand. Then, another Jacobian matrix G, which determines the relationships between joint and muscle movements, can be given as follows:
where each row corresponds to each muscle, and each sequence corresponds to each joint. Also, d i values represent the moment arms of the muscle forces f i , and whether the values are positive or negative indicates the direction of the jointtorque derived from each muscle. Constant moment arms that do not depend on joint angles are assumed. Physiological parameters in the arm model were referred to for each muscle based on the conventional research data (An et al., 1981 , Wood et al., 1989 , Katayama and Kawato, 1993 , Fukunaga, 1978 , shown in Table 4 . The muscle contraction level ρ i in Eq. (16) is treated as 1 for all muscles. Fig. 9(a) shows an example of the simulated HMMEs in different directions from the same initial posture. Estimation of hand acceleration in each direction was carried out using the upper-extremity posture and each join angular velocity measured when the hand acceleration peaked in the previous experiment. Despite an almost identical posture, the orientation and shape of the ellipsoid are different. This is attributed to differences in the contraction patterns of the muscles in each movement direction. Fig. 9(b) illustrates the evaluation value of the movement direction of the ellipsoid given using HMME with the results of the measurement value and the corresponding AE. As with the tendency for the orientation, the values estimated by HMME are in good agreement with the measurement values. However the magnitude of simulated accelerations is larger than that of measured ones (about three times), and the little different tendency from other subjects is shown with parameter δ of Sub. E. Fig. 10 summarizes the simulated HMMEs for Sub. A by overlapping with Fig. 7 . The result demonstrates the geometric advantage that the shape of HMME is rounder compared to the ME and DME, while closes to the AE (Measured) at each point. The geometric characteristics of HMMEs for all subjects are summarized as in Table 5 . It supposes that the physiological parameters used in muscle force estimation do not reflect the actual muscle characteristics of the subject. It was found that the characteristics of HMMEs change in the appropriate muscle parameters such as A f and B f . Investigation by configuring such appropriate muscle parameters as well as moment arms of muscle force d i for each subject would therefore be necessary with the optimization technique to reduce geometrical differences with measured data. Furthermore, it naturally suggests that the muscle force in the maximum effort of the subjects in the experiment did not represent the physiological limit (Inukai and Ishii, 1961) , i.e., the subjects did not generate the maximum acceleration in their voluntary quick motion. 
Conclusion
This paper focuses on upper multi-joint movement in fast motion, and analyzes human hand acceleration characteristics on an experimental basis. We proposed a new evaluation method called a human muscular mobility ellipsoid (HMME) based on the biomechanical and physiological elements of the musculoskeletal system. It was demonstrated that the HMMEs computed from the arm posture captured by the stereo cameras could represent the geometric feature of hand acceleration characteristics in the horizontal plane. Considering these results, it can be supposed that the HMME is appropriate for the layout design of driving interface devises using HMMEs, and the biomechanical analysis of human fast movements in sports. The future research will be also directed to improve the accuracy of HMME by regulating the parameters of a muscle model with the optimization technique including a neural network. Correlation coefficient : 0.938 0.024 (Hogan, 1985) 0.75 m/s 2 ME (Yoshiwaka, 1985) 6.0 m/s 2 DME 25 m/s 2 Measured 100 m/s HMME 2 Fig. 10 Simulated results of HMME with the measured data (AE), ME, and DME for the measurement points. 
